Abstract . Artifi cial aquatic habitats are ubiquitous in anthropogenic landscapes and highly susceptible to colonization by invasive plant species. Recent research into the ecology of infectious diseases indicates that the establishment of invasive plant species can trigger ecological cascades which alter the transmission dynamics of vector-borne pathogens that imperil human health. Here, we examined whether the presence or management of two invasive, emergent plants, cattails ( Typha spp.) and phragmites ( Phragmites australis ), in stormwater dry detention basins (DDBs) alter the local distribution of vectors, avian hosts, or West Nile virus (WNV) transmission risk in an urban residential setting. Mosquitoes and birds were surveyed at 14 DDBs and paired adjacent residential sites. During the study period, emergent vegetation was mowed by site managers in three DDBs. In the absence of vegetation management, the overall abundance and species composition of both adult vectors and avian hosts differed between residential and DDB habitats; however, WNV entomological risk indices were equivalent. Communal bird roosts composed primarily of three species, European Starlings ( Sturnus vulgaris ), Red-winged Blackbirds ( Agelaius phoeniceus ), and Common Grackles ( Quiscalus quiscula ), representing a broad range of WNV reservoir competence, were observed at half (three out of six) of the DDBs containing unmanaged stands of phragmites; however, their presence was associated with a lower seasonal increase in vector infection rate. Conversely, mowing of emergent vegetation resulted in a signifi cant and sustained increase in the abundance of WNV-infected vectors in DDBs and the increase in risk extended to adjacent residential sites. These fi ndings indicate that management of invasive plants in DDBs during the growing season can increase, while presence of communal bird roosts can decrease, WNV transmission risk.
INTRODUCTION
Urban and suburban environments in North America provide a favorable setting for rapid and intense amplifi cation of West Nile virus (WNV). These environments supply numerous artifi cial larval habitats (i.e., stormwater infrastructure and other peridomestic container habitats) for the primary mosquito vectors and support high densities of synanthropic and urban-tolerant birds that are competent reservoir hosts. However, there is considerable variability in the intensity of transmission and incidence of human disease within the urban landscape, across a range of spatial scales (LaBeaud et al. 2008 , Rochlin et al. 2009 ). Spatial variability in mosquito-borne disease risk may be partially attributed to habitat features that infl uence the distribution and behavior of vector mosquitoes and vertebrate hosts, and thereby alter the frequency of vector-host interactions that sustain virus transmission (Smith et al. 2004 , Johnson et al. 2012 , Crowder et al. 2013 . A clearer understanding of how local-scale, human-mediated changes to the environment affect the transmission dynamics of mosquito-borne pathogens in the urban landscape may assist in the identifi cation of land management practices that contribute to or mitigate public health risk.
Recent evidence suggests that invasions by nonnative plant species, which are ubiquitous in anthropogenic landscapes, can trigger a cascade of altered ecological interactions that strongly affect vector-borne disease dynamics (Allan et al. 2010 ) . Such ecological cascades, whereby a major ecosystem change leads to a series of associated altered species interactions, are likely to occur when invasive plants substantively modify the structure and function of habitats utilized by arthropod vectors and their hosts. For example, several studies show that invasive shrubs can increase tick-borne disease risk to humans through direct effects on tick survival via changes in microclimate (Williams and Ward 2010 ) and indirect effects via changes in host abundance (Williams et al. 2009 , Allan et al. 2010 . Similarly, increasing evidence suggests that invasive plants may alter the ecology of mosquitoborne disease, through mechanisms such as changes in habitat structure that provide refuge from predation (Seabrook 1962 , Orr and Resh 1987 ) , the creation of novel habitats used by large aggregations of reservoircompetent host species (Diuk-Wasser et al. 2010 ) , and input of leaf detritus from invasive species into mosquito larval habitats that modify the type and amount of microbial growth available for consumption by larval mosquitoes (Gardner et al. 2015 ) . In urban and suburban environments, human-made stormwater infrastructure is highly susceptible to invasion by undesirable aquatic plant species. While it has been established that these invasions can have negative consequences for the ecology of wetland systems, little is known about the impacts of these invasive plants and their management on public health risks from mosquito-borne pathogens.
Best management practices (BMPs) typically used for managing stormwater runoff include a variety of surface structures that collect and retain water (e.g., drainage ditches, bioswales/bioinfi ltration basins, detention basins, retention ponds, constructed wetlands, etc.). Many of these structures provide important sites for development of juvenile stages of Culex pipiens L. and Culex restuans Theobald, the primary vectors of WNV in urban land use in the northeastern and north-central United States (Covell and Resh 1971 , Kronenwetter-Koepel et al. 2005 , Gingrich et al. 2006 , Irwin et al. 2008 . These structures are susceptible to high nutrient loading (e.g., from soluble and suspended contaminants in stormwater runoff or discharges from septic systems) that promotes oviposition by vector mosquitoes and enhances juvenile development and survival (Reiskind and Wilson 2004 , Alto et al. 2012 , Kraus and Vonesh 2012 . Eutrophic conditions in these habitats can also facilitate invasion by native and nonnative varieties of cattails ( Typha spp.) and phragmites (common reed, Phragmites australis ; McCormick et al. 2004 , Kettenring et al. 2011 . Once established, clonal expansion allows these plants to rapidly replace competitors, resulting in dense, monotypic stands reaching several meters in height (Kominkova et al. 2000 , Vaccaro et al. 2009 , with an aboveground biomass often exceeding 1 kg/m 2 (Mason and Bryant 1975 ) . Detritus deposited following seasonal senescence or human management of invasive plants can create isolated pools that may provide mosquito juveniles refuge from predation and receive additional nutrient enrichment as the detritus decomposes (Berkelhamer and Bradley 1989 ) .
In addition to altering aquatic habitat in stormwater BMPs, extensive, dense stands of cattails and phragmites create a shaded, humid environment that may infl uence the distribution of adult vectors and vertebrate hosts in urban neighborhoods where terrestrial vegetation providing similar conditions is highly fragmented or scarce. For many mosquito species, dense plant growth is a preferred adult resting site (Schreiber et al. 1989 , Irby and Apperson 1992 ) , and host-seeking females typically forage within or along the interface of these habitats (Bidlingmayer 1971 , Lothrop and Reisen 2001 ) . Cattail and phragmites stands also provide nesting and food resources for many urban-tolerant bird species (Bernstein and McLean 1980 , Holt and Buchsbaum 2000 , Sparling et al. 2007 , Meyer et al. 2010 , Kiviat 2013 , including important WNVamplifying hosts such as the House Sparrow ( Passer domesticus ) and the American Robin ( Turdus migratorius ) (Kilpatrick et al. 2006 , Hamer et al. 2009 ). Following the breeding season, phragmites and cattail stands may host dense aggregations of American Robins, European Starlings ( Sturnus vulgaris ), Common Grackles ( Quiscalus quiscula ), Red-winged Blackbirds ( Agelaius phoeniceus ), or other communal roosting species (Johnson and Caslick 1982 , Caccamise and Fischl 1985 , Linz et al. 1991 , Diuk-Wasser et al. 2010 , Kiviat 2013 . Nocturnal occupancy of these communal roosts coincides with the diel activity patterns of host-seeking C. pipiens and C. restuans (Suom et al. 2010 ) . By providing habitat that supports the formation of communal bird roosts, dense stands of cattails and phragmites in stormwater BMPs could facilitate a temporal and spatial convergence of vectors and avian hosts in residential land use and thereby change the frequency of host-vector interactions, potentially increasing WNV transmission.
The dry detention basin (DDB) has traditionally been one of the most widely used structural BMPs for mitigating fl ood risk from urban stormwater runoff in the United States (American Society of Civil Engineers 1992 ), and is implicated as an important aquatic habitat for the production of vector mosquitoes in urban land use (Kaufman et al. 2005 , Gingrich et al. 2006 , Harbison et al. 2010 , Lafferty 2013 . When constructed, DDBs are typically seeded with turfgrass and are not designed to retain a permanent pool of surface water. Recommended maintenance practices for DDBs include regular mowing to control weeds and prevent woody vegetation incursion, and sediment removal as needed to maintain proper drainage function (United States Department of Agriculture 2000 , Shammaa et al. 2002 ) . However, DDBs often receive infrequent or inadequate maintenance, resulting in extended ponding of surface water when drainage is impeded by erosion, sedimentation, and debris accumulation (Lindsey et al. 1992 , Stanley 1996 , Erickson et al. 2010 , allowing cattails, phragmites, and other invasive, aquatic macrophytes to replace the original fl ora (Plumb et al. 2012 ). This problem may be particularly common for privately managed DDBs constructed in residential subdivisions, where ownership is often collective and responsibility for maintenance may not be clearly defi ned (Debo and Ruby 1982 , Liu and Wang 2008 ) . Managers of these DDBs may choose to periodically mow invasive plant growth (Lindsey et al. 1992 , Plumb et al. 2012 ) to maintain runoff control functions, address aesthetic concerns, or facilitate other maintenance or repairs on the structure. Plant clippings deposited from mowing of stormwater BMPS are often left in situ (Schultz 1998 ) , where they can further impair drainage in DDBs and increase nutrient availability as they decompose.
The impact of cattails and phragmites on biotic integrity and ecosystem services in natural aquatic systems has been a topic of signifi cant concern (Zedler and Kercher 2004 , Meyer et al. 2010 ) . However, few studies have examined the implications of these invasive plants and their control on human risk of exposure to mosquito-borne pathogens in urban landscapes (Gingrich et al. 2006 , Yadav et al. 2012 . Here, we attempt to address this gap in knowledge by evaluating whether the presence or management of cattails and phragmites in a common and widespread stormwater management tool (DDBs) alters the local distribution of vectors, avian hosts, or WNV transmission risk in an urban, residential setting. The main objectives of our study were to (1) compare adult vector abundance in aquatic macrophyte-invaded DDBs and adjacent residential habitats and determine whether differences are associated with the composition or management of plants in DDBs; (2) evaluate whether the composition or management of invasive, aquatic macrophytes in DDBs infl uence the abundance of WNV-infected vector mosquitoes (a proxy for human risk of exposure) in DDBs and adjacent residential land use; (3) assess whether aquatic macrophyte-invaded DDBs are important aquatic larval habitats for vector mosquitoes, in both the absence and presence of vegetation management; and (4) determine whether avian host abundance differs between DDBs with unmanaged vs. mowed invasive plant species, and whether late season aggregation of hosts in these habitats (i.e., avian communal roosts) alters the seasonal dynamics of WNV transmission.
METHODS

Study sites
Fourteen DDBs, ranging in size from 0.2 to 2.2 ha, were sampled in three communities in central Illinois, USA (four in Decatur, fi ve each in Springfi eld and Bloomington-Normal). Study sites were chosen based on their close proximity to urban land use (<300 m from residential or commercial development), and the presence of extensive emergent, aquatic plant growth composed primarily of cattails and phragmites covering at least 80% of the bottom area of the DDB. The mean distance between each selected DDB and their nearest neighbor was 2989 m (range 957-11 921 m). Phragmites occurred in eight of the 14 selected DDBs (two in Decatur and three each in Springfi eld and Bloomington-Normal), with an estimated ~10-100% of the area of emergent plant coverage represented by stands of phragmites and stands of cattails dominating the remaining area of emergent plant coverage. Cattail stands represented nearly all of the emergent plant coverage at the six DDBs where phragmites was absent. All emergent vegetation was mowed at three of these selected DDBs during our second adult mosquito sampling period (late June-mid July) as part of existing municipal management programs. Mowed sites included two DDBs colonized by phragmites (~20% and 50% of area of emergent plant coverage), and one DDB where emergent plant coverage was almost exclusively composed of cattails.
Each of the selected DDBs was paired with an adjacent sampling location representative of residential land use. Aerial images acquired through the U.S. Department of Agriculture, National Agricultural Imagery Program (NAIP) were used to delineate the extent of selected DDBs in a GIS (ArcGIS v.10; ESRI, Redlands, California, USA). A random location was generated within a buffer of low-to moderate-intensity urban land use (Illinois Natural History Survey 2003 ) between 200 and 500 m from the outer margin of each basin, and adult mosquito and avian host data were collected at the residential property nearest to this location where sampling was permitted. The mean distance between paired DDB residence sampling locations was 446 m (range 333-681 m).
Adult vector abundance and WNV transmission risk
Grass infusion-baited CDC gravid traps (John W. Hock Company, Gainesville, Florida, USA) were used to collect mosquitoes for assessing abundance and rate of WNV infection in the primary vector species ( C. pipiens and C. restuans ). CO 2 -baited CDC light traps (John W. Hock Company) were also utilized to sample other mosquito species that have been implicated as potential WNV bridge vectors; primarily C. salinarius and Aedes vexans . A single trap of each type was placed in locations sheltered by canopy, shrub, or emergent aquatic vegetation at each DDB and each paired residence. Traps were operated for 3 consecutive days, every 4 weeks, from late May-September 2012, and the three communities were each sampled on successive weeks within each sampling period (i.e., total of fi ve sampling periods, each of a ~3-week duration). Specimens of female Culex spp. collected in gravid traps were presumptively identifi ed either as C. restuans by the presence of white spots on the scutum, or C. pipiens if white spots on the scutum were absent, the scales on the dorsum of the scutum were still intact, and the abdominal band margin was convex with a conspicuous restriction near the lateral margin (Darsie and Ward 2005 ) . Specimens indistinguishable by these criteria were pooled as Culex sp.
Female mosquitoes collected in gravid traps during sampling periods 2-5 (between 20 June and 28 September) were consolidated by species, site, and sampling period into pools of up to 50 specimens. Pools of Culex spp. mosquitoes ( C. pipiens , C. restuans , and unidentifi ed Culex sp.) were evaluated for evidence of WNV infection by TaqMan Probe real-time polymerase chain reaction (RT-PCR; Lanciotti et al. 2000 ) . Pools with a cycle threshold value below 37 were considered positive for WNV RNA (Lanciotti et al. 2000 ) . The rate of WNV infection in Culex spp. females was estimated within each sampling period for each site using the minimum infection rate (MIR) method (PooledInfRate Excel add-in; Biggerstaff 2014 ) since the lack of Culex spp. pools testing negative for WNV RNA in a few samples collected later in the summer precluded calculation of a maximum likelihood estimate (MLE). As a proxy for human exposure risk, a vector index (VI) was calculated for each site by multiplying the mean number of Culex spp. females collected in gravid traps per day by the estimated proportion infected with WNV (MIR/1000), for each sampling period (i.e., estimated abundance of WNV-infected Culex spp. females). This metric has been found to have a signifi cant association with spatiotemporal variability in human infection rates (Bolling et al. 2009 , Kilpatrick and Pape 2013 ) , and is used by public health agencies to inform vector control decisions (e.g., Jones et al. 2011 ) .
Linear mixed models (LMMs) using a restricted maximum likelihood algorithm (SAS proc mixed; SAS version 9.3; SAS Institute, Cary, North Carolina, USA) were used to evaluate the effects of habitat class (DDB vs. residential) and the composition and management of emergent vegetation in DDBs on adult Culex spp. female abundance, MIR, and VI. Denominator degrees of freedom in each model were estimated using the Kenward-Roger method (Kenward and Roger 1997 ) . The mean daily number of Culex spp. ( C. pipiens + C. restuans + unidentifi ed Culex sp.) females collected in gravid traps during each 3-d sampling period was used as the response variable for overall vector abundance. A log 10 ( y + 1) transformation was applied to the other two entomological risk measures (MIR and VI) to improve the homogeneity of variances. Three class variables, and their two-and threeway interaction terms, were included as fi xed factors in each model: habitat class (DDB, residential), mow period (pre mow, post mow), and DDB group (DDB not mowed, DDB mowed). Community ID, DDB residence pair ID nested within community ID, and the four-way interaction among the nested term and all three fi xed factors (habitat class, mow period, and DDB group), were included as random effects in each model. The epide miological week (epiweek) when samples were collected was used as a repeated measure with a compound symmetry covariance structure. Total area of the DDB, total area of phragmites stand coverage, percentage of DDB area colonized by phragmites, lagged cumulative rainfall and mean air temperature values (1-7, 1-14, 1-21, 8-14, 8-21 , and 8-28 d prior to sampling), and mean and minimum air temperature during sampling were also explored as covariates in each LMM analysis (local meteorological data obtained from the National Climate Data Center summary of the day database). Candidate models were ranked based on ascending corrected Akaike information criterion (AIC c ) values. Within each set of candidate models sharing the lowest AIC c (threshold ΔAIC c = 2), we selected the individual model with the fewest parameters. Cohen ' s f 2 was calculated for each signifi cant ( P < 0.05 for all tests) fi xed effect in fi nal selected models as a measure of effect size (Selya et al. 2012 ) .
A general linear mixed model (GLMM; SAS proc glimmix) was used to evaluate whether habitat class or the type of aquatic, emergent vegetation in DDBs alters the abundance of C. pipiens , relative to the abundance of C. restuans . Female specimens from gravid traps identifi ed as C. pipiens and C. restuans were aggregated by sampling week and the cumulative number of C. pipiens was expressed as a proportion of the total specimens identifi ed as either species, i.e., total C. pipiens /(total C. pipiens + total C. restuans ). Attempts to model these data as a binomial distribution revealed signifi cant overdispersion (generalized χ 2 /df > 10), so the response variable was modeled with a beta distribution and logit link function after transformation to account for values equal to 1 (Smithson and Verkuilen 2006 ) . The GLMM included epiweek as a repeated measure, class variables denoting the presence-absence of phragmites in DDBs, habitat class, and their interaction term (habitat class × phragmites presence) as fi xed factors in the model, and community ID, DDB residence pair ID nested within community ID, and the three-way interaction among the nested term and the two fi xed factors (habitat class, phragmites presence) were added as random effects. DDB area and lagged air temperature and rainfall variables (described previously) were also evaluated as covariates. Final model selection and effect size calculations for each signifi cant fi xed effect were performed as described previously.
Juvenile vector abundance in DDBs
DDBs were inspected for the presence of standing water and sampled for juvenile mosquitoes at least once per month in June, August, and September 2012. To maximize the probability of collecting mosquito juveniles, DDBs were visited 5-8 d following a date with a daily cumulative rainfall greater than 2.5 cm. The number of locations sampled in each DDB, on each date, was dependent on the area of standing water at the time of inspection (~1 sample/100 m 2 ). At each location, 10 dip samples were collected from emergent vegetation within a ~100 m 2 area. Specimens collected from each sampling location were pooled and all second, third, and fourth instar mosquito larvae (L2-L4) were identifi ed to species (Dodge 1963 , Ross and Horsfall 1965 ) . Potential aquatic insect predators of juvenile mosquitoes collected in dip samples were also enumerated and identifi ed to suborder (Anisoptera, Zygoptera) or family (Dyticidae, Hydrophilidae, Corixidae, Belastomatidae, Notonectidae, Gerridae).
Mean larval abundance values for each DDB (among individual sampling locations) were aggregated among sampling dates into pre-(June) and post-mow (AugustSeptember) periods. Mann-Whitney U tests were used to compare the mean numbers of C. pipiens and C. restuans L2-L4 larvae per sample between DDBs with mowed and unmanaged vegetation, within the pre-and post-mow periods. Pearson correlation analysis was used explore the relationship between the numbers of C. pipiens , C. restuans , C. territans , and A. vexans larvae (L2-L4) in samples collected from DDBs prior to mowing (June), and from mowed and non-mowed DDBs after mowing (August and September). Larval counts were log 10 ( y + 1) transformed prior to analysis to meet assumptions of normality. Linear regression models were used to examine relationships between the mean numbers of L4 larvae of C. pipiens and their potential insect predators collected from DDBs with mowed and unmanaged vegetation per sampling date (both values were log 10 ( y + 1) transformed before analysis).
Oviposition behavior
A fi eld assay was performed to assess how the type and management of emergent plants infl uence the oviposition behavior of C. pipiens and C. restuans . Oviposition rates were compared between ovitraps baited with a reference substrate known to be highly attractive to gravid Culex spp. females (turfgrass clippings) and ovitraps baited with plant substrates representative of the type and density of litter likely to be deposited in DDBs with unmanaged (senescent leaves), or mowed (whole, green plants) vegetation. Amounts of each plant substrate used in traps were based on expected litter accumulation density, estimated by measuring aboveground biomass in monospecifi c stands of phragmites and cattails at 11 of the study DDBs (Appendix S1: Table S11 ). Senescent leaves and live plant material collected from each DDB during the biomass assessment were air-dried, pooled by plant type, and used to bait ovitraps in the fi eld assay.
The fi eld assay was performed at fi ve sites in Urbana, Illinois, using ovitraps constructed from white, 19-L pails (Lampman and Novak 1996 ) . At each study site, ovitraps representing each of six treatments (Appendix S1: Table S11) were randomly assigned to sheltered locations at least 10 m apart along the margins of woody vegetation. Infusions were prepared in situ after trap placement by submerging a mesh packet containing the plant litter in 8 L of tap water. Each day from 4 September to 1 October 2012, egg rafts were collected and the position of each ovitrap was rotated among locations within each study site. Egg rafts were individually reared to larval eclosion and the fi rst instar larvae were identifi ed to species (Dodge 1966 ) . The daily numbers of C. pipiens and C. restuans egg rafts in each ovitrap, as a proportion of the daily total egg rafts of each species collected at each site, were fi t to GLMMs with a binomial distribution and logit link function. Trap location nested within study site was included as a random effect. Post hoc, pairwise comparisons between the mean proportion of egg rafts collected in each treatment were performed using a sequential Bonferroni adjustment.
Avian abundance and communal roosting behavior
Avian roosting behavior was surveyed twice between 2 July and 1 August 2012, at each DDB with unmanaged vegetation and each paired residential site. On each date, we identifi ed all birds exiting emergent and terrestrial vegetation from 30 min before sunrise to 30 min after sunrise. Host aggregations in DDBs consisting of ≥150 birds were defi ned as communal roosts. Data from RT-PCR screening of pooled Culex spp. mosquitoes collected in gravid traps for WNV RNA (previously described) were used to assess whether the presence of a communal roost infl uenced seasonal patterns of WNV infection in vector mosquitoes. RT-PCR results for each sampling site were pooled among sampling weeks to allow calculation of vector infection rates using the MLE method (bias-corrected likelihood; Biggerstaff 2014 ) for early (20 June-2 August) and late (16 August-28 September) seasonal periods . The former period corresponds to when many communal roosting species are transitioning from nesting behaviors to large social aggregations; the latter period represents when roost population size typically peaks and begins to decline (Caccamise and Fischl 1985 ) . A paired t test was used to compare mean MLE values (square-root transformed) between the early and late seasonal periods in each group (i.e., basins with a communal roost, basins where a communal roost was absent, and residential sites adjacent to each basin class).
In addition to surveying birds exiting vegetation at dawn (roosting hosts), overall avian abundance and diversity also were assessed during the same period by conducting 10-min, unlimited radius point counts between 07:00 and 10:00 on three to six dates at each DDB and paired residential location. A community reservoir competence index was calculated for each observation by summing the products of host abundance and WNV host competence index values for each avian species detected (Kilpatrick et al. 2007 , Allan et al. 2009 ). To assess whether the reservoir competence of avian communities associated with DDBs and adjacent residential habitats was influenced by the presence of phragmites in DDBs, community reser voir competence index values were fit to a LMM with habitat class, the presence of phramites in the DDB, and the interaction between habitat class and phragmites presence as fixed factors. Community ID, DDB residence pair ID, nested within community ID, and the interaction between the nested term, habitat class, and phragmites presence were included as random effects. To examine the influence of habitat class and emergent vegetation composition in basins on the abundance of each host species, point count estimates were fit to GLMMs with a Poisson distribution and log link function.
RESULTS
Adult vector abundance and WNV transmission risk
A total of 28 703 Culex spp. females were collected in gravid traps from 22 May-28 September 2012. Mean gravid trap collections of Culex spp. females were consistently greater in DDBs than in adjacent residential sites (Fig. 1 a) . Following mowing of basin vegetation in late June and early July, vector abundance increased sharply at both DDBs and paired residences in the subsequent sampling period (19 July-2 August). Gravid trap collections of Culex spp. females remained elevated in DDBs with mowed vegetation ~3 months after mowing.
In the best-fi t model to predict adult vector abundance (Table 1 ; Appendix S2: Table S21 ), habitat class (Cohen ' s f 2 = 0.078), the interaction between DDB group and mow period (Cohen ' s f 2 = 0.024), and mean daily air temperature during sampling (Cohen ' s f 2 = 0.272), were found to signifi cantly infl uence the number of Culex spp. females collected in gravid traps. The area of the basin, absolute phragmites stand area, and percentage of emergent vegetation represented by phragmites were not signifi cant effects in the model. Overall, adult vector abundance was estimated to be ~1.7 times higher in DDB habitats compared to residential habitats (least-squares [LS] means = 104.5 vs. 61.6 females per trap per day, respectively; P = 0.004). Comparisons of estimated Culex spp. female abundance during the period after DDBs were mowed (19 July-28 September) indicate a ~2.0-fold higher abundance at mowed sites compared to non-mowed sites (LS means = 120.8 vs. 59.7 females per trap per day, respectively; P = 0.010).
WNV RNA was detected in 29% (186/644) of pools of Culex spp. females screened by RT-PCR. In the best-fi t model of WNV MIR in vector mosquitoes collected from gravid traps (Table 1 ; Appendix S2:  Table S22 ), only time (mow period) was found to be a signifi cant fi xed effect (Cohen ' s f 2 = 0.244). However, mowing of DDB vegetation appeared to result in a greater peak abundance of WNV-infected Culex spp. females in both DDBs and adjacent residential land use, and the peak occurred earlier in the season than at non-mowed sites (Fig. 1 b) . Both mowing period (Cohen ' s f 2 = 0.089) and the interaction between the DDB group and mowing period (Cohen ' s f 2 = 0.023) were signifi cant fi xed effects in the best-fi t model of VI (Table 1 ; Appendix S2: Table S23 ). In the postmow period, estimated abundance of WNV-infected Culex spp. females was ~2.4-fold higher for mowed sites, compared with non-mowed sites (LS means = 1.17 vs. 0.48 WNV-infected Culex spp. females per trap per night, respectively; P = 0.012).
A mean of 58.3% of mosquitoes collected in gravid traps were assigned a presumptive species identifi cation based on morphological characters (95% CI = 56.6-60%). Most female Culex spp. specimens assigned a species ID were identifi ed as C. pipiens (87%) or C. restuans (11%); the remaining 2% of identifi ed Culex spp. specimens were represented by C. salinarius , C. territans , C. erraticus , and C. tarsalis . The number of specimens in gravid trap samples identifi ed as C. pipiens females, expressed as a proportion of specimens identifi ed as either C. pipiens or C. restuans , is shown in Fig. 2 . Habitat class, the presence of phragmites in the DDB and the mean daily air temperature 8-28 d prior to sampling were signifi cant fi xed effects in the fi nal selected model comparing the relative abundance of the two primary WNV vector species in gravid trap samples (Table 2 ; Appendix S2: Table S24 ). Culex pipiens represented a signifi cantly higher proportion of specimens collected from residential habitats compared with collections from DDBs (LS means = 0.949 vs. 0.900; P = 0.009). Similarly the proportion of specimens represented by C. pipiens was signifi cantly greater in samples collected from sites where phragmites was present in the DDB compared with sites where phagmites was absent in the DDB (LS means = 0.945 vs. 0.907; P = 0.043).
The two most abundant species in CO 2 -baited light trap samples were C. salinarius Coquillett and A. vexans Meigen. Both species were collected in greater numbers in DDBs compared with adjacent residential sites (Appendix S3). An increase in the abundance of C. salinarius was observed at DDBs with mowed vegetation late in the summer, but not in adjacent residential sites, nor paired residential DDB sites where vegetation was not mowed. Mowing of DDB vegetation did not appear to result in greater abundance of A. vexans in DDBs or adjacent residential sites.
Juvenile vector abundance in DDBs
A total of 88 samples were collected from 10 of the selected DDBs (three with mowed vegetation, seven with unmanaged vegetation) that had standing water present during both the pre-mowing (June) and postmowing (August-September) assessment periods. A mean of 2.1 locations were sampled per DDB per visit prior to mowing (range 1-4), and a mean of 2.6 locations were sampled per DDB per visit after mowing (range 1-5). In the post-mow assessment period, signifi cantly greater numbers of C. pipiens and C. restuans larvae were collected from DDBs with mowed vegetation (Fig. 3 ) . Culex pipiens was the most abundant (79% of identifi ed larvae) and the most frequently detected species in samples collected from mowed vegetation; either alone (26% of samples), or co-occurring with C. restuans , A. vexans , C. territans , or both C. restuans and A. vexans (26%, 11%, 9%, and 3% of samples, respectively). Mosquito larvae were only detected in approximately one-third of samples collected from DDBs with unmanaged vegetation. Culex territans was the most abundant species in samples collected from DDBs in June prior to mowing (47% of specimens), and A. vexans was the most abundant species in samples collected from non-mowed DDBs in August and September (42% of specimens). The abundance of A. vexans larvae in samples collected from DDBs in June (prior to mowing) was positively correlated with the abundance of C. pipiens ( R = 0.541, P = 0.011), C. restuans ( R = 0.689, P = 0.001), and C. territans larvae ( R = 0.465, P = 0.034). In August and September, the abundance of C. pipiens larvae was positively correlated with C. restuans larval abundance at mowed DDBs ( R = 0.546, P = 0.001), and C. territans larval abundance at DDBs with unmanaged vegetation ( R = 0.366, P = 0.040). The mean number of predacious, aquatic insects was positively associated with the mean number of fourth instar C. pipiens larvae in dip samples collected from DDBs with mowed vegetation (Appendix S4), but no such relationship was observed in samples collected from unmanaged vegetation.
Oviposition behavior
Ovitraps collected a mean (±SE) of 1.03 ± 0.08 C. pipiens and 0.39 ± 0.03 C. restuans egg rafts per trap per day. The greatest proportion of C. pipiens and C. restuans egg rafts were collected in infusions simulating mowed phragmites and mowed cattails, respectively (Appendix S1: Fig. S11 ). No signifi cant differences were observed between infusions simulating litter accumulation in unmanaged phragmites and unmanaged cattails, for either species.
Avian abundance and communal roosting behavior
At DDBs with unmanaged vegetation, a communal roost was detected at three of six sites colonized by phragmites, but none of the fi ve sites where phragmites was absent. A communal bird roost also was observed prior to mowing in one of the phragmites-colonized DBBs with managed vegetation, but none were detected in any of the three mowed DBBs following vegetation management. As this observation suggested that communal roosts located in DDBs are disrupted by mowing of emergent vegetation, data collected at DDBs with managed vegetation and their adjacent residential sites were excluded from subsequent analyses evaluating the infl uence of communal roosts on avian abundance, avian host community reservoir competence, and seasonal changes in WNV infection in vector mosquitoes.
A total of 13 avian species were observed exiting aquatic vegetation at dawn in non-mowed DDBs (Fig. 4 ) , with a higher mean species richness at DDBs with communal roosts, compared with DDBs where a communal roost was not detected (mean species observed ± SE = 5.2 ± 0.3 vs. 2.1 ± 1.1, respectively). Red-winged Blackbirds, European Starlings, Note: Fixed effects include habitat (HAB; residential, DDB) and phragmites (PHRAG; presence, absence). Bolded P > F values are signifi cant at P < 0.05.
FIG. 3 . Comparison of (a) C. pipiens and (b)
C. restuans larval abundance in DDBs with mowed and unmanaged emergent vegetation, before and after mowing. Difference in mean larval abundance between groups was compared within pre-and post-mow assessment periods by MannWhitney U test (NS, P > 0.05). Error bars represent standard error.
and Common Grackles were the most abundant hosts observed at communal roost sites, where they were localized within homogeneous stands of phragmites. Few birds were observed exiting terrestrial vegetation at adjacent residential sites (mean ± SE = 1.6 ± 0.9 birds per residential lot), and were identifi ed as American Robins, House Sparrows, or House Finches (74%, 16%, and 10% of observed birds, respectively).
From the early to late seasonal periods, mean vector infection rates signifi cantly increased at DDBs where communal roosts were not detected ( t = −2.5, P = 0.033) and adjacent residential habitats ( t = −3.1, P = 0.013; Fig. 5 ) . At DDBs where a communal roost was detected, mean WNV MLE were equivalent in the two periods ( t = −0.2, P = 0.856), while a concurrent increase was observed at adjacent residential sites ( t = −3.4, P = 0.075).
Analysis of point count estimates revealed signifi cant differences in the abundance of fi ve common bird species related to habitat class and/or the composition of emergent vegetation in DDBs (Appendix S5). Signifi cantly fewer House Sparrows were detected in point count surveys at DDBs where phagmites was absent, compared to residential habitats and phragmites-invaded DDBs. An inverse relationship was observed for European Starling abundance; point count estimates of this species were signifi cantly greater in DDBs where phragmites was absent. Similarly, Blue Jays were signifi cantly less abundant at phragmites-invaded DDBs and their adjacent residential sites, compared with residential habitats adjacent to non-phragmites DDBs. Red-winged Blackbirds and Song Sparrows were signifi cantly more abundant at DDBs than at residential sites, regardless of whether phragmites was present in the DDB. Despite these differences in host-species composition, the best-fi t model of community reservoir competence did not detect a signifi cant infl uence of habitat class, the presence of phragmites, or their interaction term (Table 3 , Appendix S5).
DISCUSSION
This research adds to a growing body of literature which suggests that colonization of natural and anthropogenic habitats by invasive plant species can trigger ecological cascades that ultimately impact human risk of exposure to vector-borne diseases. Here, we report such a cascade in stormwater DDBs due to the establishment and management of two common species of invasive aquatic macrophytes, which appear to trigger changes in the abundance and community composition of both mosquito vectors and avian hosts. Further, several consequences of this cascade are both unanticipated and surprising. First, there was an unexpected opportunity to study the consequences of mowing, a common DDB management practice which often takes place during the growing season. From this opportunity, we show that it is not the occurrence of these invasive aquatic macrophyte species that increases mosquito-borne disease risk, but rather the deposition of green leaf material into the aquatic habitat following their management that was associated with a strong and immediate increase in juvenile vector abundance and metrics of disease risk. Second, by supporting large aggregations of mixed-species bird fl ocks, dominated by species that have low to moderate reservoir competence for WNV, phragmites-invaded DDBs actually appear to reduce disease risk, potentially by altering the distribution of mosquito blood meals in DDBs and the adjacent residential habitats, such as by defl ecting mosquito blood meals away from the American Robin, a primary reservoir host of WNV in residential landscapes in central Illinois (Beveroth et al. 2006 ) .
Dense growth of emergent, aquatic plants in stormwater BMPs is often characterized as a signifi cant risk factor for the production of vector mosquitoes, and can be an obstruction to aerial or water-based applications of larval mosquito control agents (Floore et al. 1998 , Yadav et al. 2012 . Design and maintenance guidelines often recommend managing emergent plant growth around the shallow margins of stormwater ponds and other retention structures to enhance the effi cacy of predators of mosquito juveniles, particularly larvivorous fi sh (Metzger 2004 , United States Environmental Protection Agency 2009 . In semipermanent or permanent aquatic habitats (e.g., natural and constructed wetlands), reducing the density of emergent vegetation can be an effective environmental management tool for diminishing juvenile mosquito abundance (de Szalay et al. 1995 , Thullen et al. 2002 , Lawler et al. 2007 ). In contrast, we found that temporary aquatic habitats in DDBs associated with dense, unmanaged growth of phragmites or cattails were not very productive environments for vector mosquito development, whereas management of emergent vegetation in DDBs during the growing season resulted in ~10-fold increase in the abundance of both C. pipiens and C. restuans larvae. Similar increases in larval mosquito abundance have been observed in constructed wetlands after draining, dredging of emergent vegetation growth, and subsequent fl ooding to inundate the deposited plant detritus Walton 2004 , Walton and Jiannino 2005 ) . Contrary to previous studies comparing the abundance of mosquito juveniles and their predators in stormwater BMPs (Gingrich et al. 2006 , Rey et al. 2006 , we observed a positive relationship between the abundance of fourth instar C. pipiens larvae and the overall abundance of predacious aquatic insects collected in dip samples, suggesting that predation by these groups didn ' t substantially limit the dynamics of vector mosquito populations in mowed DDBs. Overall, our data indicate that vegetation management strategies in DDBs are contrary to vector control objectives when applied during the growing season, an outcome that may be counterintuitive to site managers and run contrary to published design and maintenance guidelines.
Immediately after mowing, the number of adult Culex spp. mosquitoes collected in gravid traps increased greatly, resulting in a signifi cantly higher VI (metric for WNV exposure risk) at DDBs and paired residential sites. Adult vector abundance (and VI) remained elevated at mowed DDBs for the remainder of the study period, coinciding with observations of higher larval abundance in August and September, suggesting that in situ production of C. pipiens and C. restuans in mowed DDBs was the primary mechanism responsible for this increase. In contrast, adult vector abundance in residential sites adjacent to mowed DDBs declined in August and September despite being located within the dispersal range of mosquitoes emerging from the DDB (Ciota et al. 2012 ) . One possible explanation for this phenomenon is that the rate of adult vector dispersal to adjacent residential habitats might be mediated by the density of emergent vegetation in the DDB. Much of the terrestrial vegetation on the embankments of the three mowed DDBs in this study was regularly managed. Immediately after the aquatic vegetation was mowed, DDBs and their margins were effectively denuded of dense vegetation that could provide harborage for adult mosquitoes, possibly promoting dispersal of newly emerged mosquitoes from mowed DDBs to adjacent residential areas in July. However, mowed phragmites stands were able to rapidly reestablish dense, aboveground foliage >1 m in height, ~2 months after mowing, which may have retarded dispersal of newly emerged mosquitoes from DDBs to the residential collection sites later in the season.
In a recent study of WNV transmission risk associated with urban wetlands in the northeastern United States, it was found that while overall mosquito abundance was greater in small wetlands (<10-ha area) compared with adjacent residential land use, vector infection rates and relative proportions of mosquito and avian communities represented by competent vector and amplifying hosts were comparable between these habitats (Johnson et al. 2012 ) . Consistent with these fi ndings, we did not observe a signifi cant increase in local WNV transmission risk associated with DDB habitats with unmanaged vegetation; mean VI was equivalent between DDB and adjacent residential sites, Note: Fixed effects are as in Table 2 .
despite a greater abundance of adult vectors in the former habitat. This was due in part to a corresponding but statistically nonsignifi cant trend toward reduced vector infection rates in DDBs. Although point count estimates of host abundance differed between residential and DDB habitats for several bird species (and were infl uenced by the presence of unmanaged phragmites stands in DDBs) differences in avian host community structure were not associated with a statistically detectable change in their potential to support virus amplifi cation (i.e., community reservoir competence index). In central Illinois, WNV vector infection rates typically peak during late August or early September . Comparing WNV infection rates in vector mosquitoes between early (June-July) and late (August-September) periods, we observed a seasonal increase at residential and "non-roost" DDBs sites, but not at DDBs where a communal roost had been detected during the early period. These results contrast with previous studies of WNV transmission dynamics associated with communal roosts of American Robins, where late-season infection rates in vector mosquitoes collected at or near roosts were equivalent (Benson et al. 2012 ) or elevated (Diuk-Wasser et al. 2010 ), compared with non-roost sites. Communal roosts in the current study were dominated by European Starlings and Red-winged Blackbirds (approximately two-thirds of detected birds); species that exhibit strong defensive behaviors to mosquito feeding attempts (Edman et al. 1974 , Hodgson et al. 2001 . It has been proposed that the defensive behavior of European Starlings results in a higher frequency of re-feeding attempts by vectors (i.e., vector-host contacts) that may increase Eastern equine encephalitis virus (EEEV) transmission intensity at communal roost sites (Hodgson et al. 2001 ) . Our data suggests that a reverse relationship may be true for WNV; local transmission may be suppressed by the presence of these mixed-species communal roosts occupied primarily by European Starlings and Red-winged Blackbirds. While European Starlings exhibit a high reservoir competence for EEEV (Komar et al. 1999 ) , both European Starlings and Red-winged Blackbirds are relatively weakly competent reservoir hosts for WNV (Kilpatrick et al. 2007 ) . Increasing the frequency of host contacts at the expense of mean blood meal size likely reduces the effi ciency of WNV transmission if peak viremia in the most abundant host species is low. Additionally, the American Robin was the most frequently detected avian host (74%) in paired residential sites during point count surveys, a host which contributes disproportionally to virus amplifi cation relative to its abundance in urban and suburban landscapes (Kilpatrick et al. 2006 , Hamer et al. 2009 ). Thus the aggregations of other avian host species in communal roosts detected in this study, despite possessing reservoir competence for WNV, may have defl ected mosquito blood meals away from a more impactful amplifying host.
Public agencies and private land-owners often use mowing to manage vegetation in DDBs, roadside ditches, and other stormwater BMPs in urban land use. Our study demonstrates that this practice can have a broad range of impacts to the ecology and risk of WNV transmission when applied during the growing season for the control of cattails and phragmites; two invasive plants which frequently colonize these areas. The deposition of copious quantities of green plant detritus in aquatic habitats when stands of phragmites or cattails are mowed (Appendix S1: Table S11 ) promotes oviposition by C. pipiens and C. restuans , and may enhance survivorship and development of their juvenile life stages through direct nutrient enrichment and/or infl uencing predator-prey dynamics (e.g., by providing refuge from predators). It appears that enhanced recruitment from mowed DDBs results in an elevated density of adult vector mosquitoes extending to adjacent residential land use. In turn, increases in adult vector abundance at mowed DDBs and adjacent land use appears to raise exposure risk in both habitats by directly increasing the abundance (but not the proportion) of Culex spp. females infected with WNV. Mowing of phragmites stands in DDBs also disrupts communal roosting behavior by lowering reservoir competence of hosts; a host aggregation that our data suggest might otherwise depress WNV transmission. While the unplanned mowing of DDBs in our study presented a fortuitous opportunity to document the impacts to vector and host ecology, it did not result in a robust sample size. Future studies should validate these fi ndings across a greater number of sites.
Our fi ndings suggest caution when conducting maintenance activities in stormwater BMPs that result in the deposition of plant debris in locations likely to collect standing water. Preferably, vegetation management should be performed in the early spring or late fall, when enrichment of aquatic habitats is unlikely to coincide with the peak seasonal activity of vector mosquitoes and WNV transmission. When it is necessary to disturb vegetation in these structures during the growing season, coordination with public health agencies is critical so that larval surveillance, and if necessary insecticide treatments, could be implemented to prevent production of vector mosquitoes. Establishing communities of native plants that require less frequent management in stormwater BMPs (e.g., "naturalized basins") may also help to reduce the risk these structures pose to supporting vector mosquito production and WNV transmission risk.
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